Background/Aims: The maximum lifespan of the naked mole rat is over 28.3 years, which exceeds that of any other rodent species, suggesting that age-related changes in its body composition and functionality are either attenuated or delayed in this extraordinarily longlived species. However, the mechanisms underlying the aging process in this species are poorly understood. In this study, we investigated whether long-lived naked mole rats display more autophagic activity than short-lived mice. Methods: Hepatic stellate cells isolated from naked mole rats were treated with 50 nM rapamycin or 20 mM 3-methyladenine (3-MA) for 12 or 24 h. Expression of the autophagy marker proteins LC3-II and beclin 1 was measured with western blotting and immunohistochemistry. The induction of apoptosis was analyzed by flow cytometry. Results: Our results demonstrate that one-day-old naked mole rats have higher levels of autophagy than one-day-old short-lived C57BL/6 mice, and that both adult naked mole rats (eight months old) and adult C57BL/6 mice (eight weeks old) have high basal levels of autophagy, which may be an important mechanism inhibiting aging and reducing the risk of age-related diseases. Conclusion: Here, we report that autophagy facilitated the survival of hepatic stellate cells from the naked mole rat, and that treatment with 3-MA or rapamycin increased the ratio of apoptotic cells to normal hepatic stellate cells.
Introduction
Naked mole rats, Heterocephalus glaber (Family: Bathyergidae), are small burrowing rodents native to northeast Africa. They can live for over 30 years in captivity, remaining in good health and cancer-free well into their third decade of life. The air in naked mole rat burrows is usually low in O 2 (approximately 8%) and high in CO 2 (approximately 10%) because of the poor gas exchange through soil and because several naked mole rats share this limited air supply. Therefore, these animals live in a chronically low-oxygen environment, but are remarkably resistant to hypoxia [1] . Autophagy is a catabolic mechanism by which cells recycle amino acids and other intracellular nutrients to obtain energy. This process is evolutionarily conserved in the eukaryotes, ranging from yeast to mammals [2] . The activation of macroautophagy is a common feature among all long-lived mutant Caenorhabditis elegans [3] [4] [5] . The naked mole rat is known to have the longest lifespan among rodents, with a maximum lifespan exceeding 28.3 years [6] . Studies of senescent avian and mammalian fibroblasts have suggested that cells obtained from long-lived birds maintain higher levels of autophagosomal and lysosomal enzymes, which are downregulated in older mammalian cell lines. We hypothesized that increased autophagy may protect the naked mole rat from several forms of stress.
The formation of autophagosomes requires a process termed "light chain 3 (LC3) modification". LC3, a pacemaker in the autophagic cascade, is currently the most reliable cellular marker of autophagy activation [7] [8] [9] . During this process, LC3-II is formed by the lipidation of LC3-I and becomes incorporated into the autophagosomal membrane, and this conversion from LC3-I to LC3-II is used as an index of autophagy [10] . Beclin 1, another pacemaker, is involved in the formation of preautophagosomal structures.
Hepatic stellate cells comprise approximately one-third of the nonparenchymal cell population and ∼15% of the total number of resident cells in the normal liver. This cell type is a remarkably versatile mesenchymal cell that is vital to hepatocellular function and the liver's response to injury [11] . Currently, the most commonly used inducer of autophagy is rapamycin, an allosteric inhibitor of target of rapamycin C1 (TORC1). 3-Methyladenine (3-MA) can effectively block an early stage of autophagy by inhibiting class III phosphatidylinositide 3-kinases and also inhibits class I phosphatidylinositide 3-kinases [12] . In this study, we compared the expression of the autophagy-related proteins, LC3 and beclin 1, in naked mole rats and C57BL/6 mice to determine whether long-lived naked mole rats display more autophagic activity than short-lived mice. We then evaluated the autophagy rate and the survival of naked mole rat hepatic stellate cells treated with 3-MA or rapamycin.
Materials and Methods

Ethics statement
Five one-day-old C57BL/6 mice and five adult C57BL/6 mice (eight weeks old) were purchased from SLAC Laboratory Animal Co., Ltd. (Shanghai, China). Naked mole rats were purchased from the Department of Zoology at the University of Cape Town and maintained at the Laboratory Animal Center of the Second Military Medical University. The handling of all animals and all study procedures complied with the current Chinese regulation GB14925-2001: Laboratory animal requirements of environment and housing facilities (Chinese version). The complete protocol was reviewed and approved by the Institutional Animal Care and Use Committee of the Second Military Medical University. All surgery was performed under sodium pentobarbital anesthesia, and all efforts were made to minimize the suffering of the animals.
Extraction of total protein from tissues
One-day-old naked mole rats, adult naked mole rats (eight months old), one-day-old C57BL/6 mice, and adult C57BL/6 mice (eight weeks old) were anesthetized with isoflurane, killed by cardiac exsanguination, and their liver, brain, and kidney tissues were immediately excised. The tissues were weighed and the wet tissue weights were recorded. The tissue samples were cut into small pieces with a scalpel, homogenized on ice with a homogenizer, and subjected to total protein extraction using Tissue Protein Extraction Reagent (Wuhan Boster Biotech, Wuhan, China). A wet transfer method was used to transfer the proteins electrophoretically from the native gel to nitrocellulose membranes, which were then probed with antibeclin 1 antibody (1:1000; Abcam, Cambridge, UK) or anti-LC3 antibody (1:1000; Cell Signaling Technology, Shanghai, China). The blots were stripped and reprobed with anti-β-actin antibody (1:2000; Wuhan Boster Biotech, Wuhan, China) to confirm equal protein loading. The bands were visualized with the Kodak Gel Logic 4000 R Imaging System (Carestream, USA).
Transmission electron microscopic examination
One-day-old naked mole rats and one-day-old C57BL/6 mice were deeply anesthetized and transcardially perfused with 0.1 M phosphate-buffered saline (PBS, pH 7.4), followed by 4% paraformaldehyde and 1% glutaraldehyde (n = 3 per group). The parietal lobe cortex in the ischemic penumbra selected for analysis was cut into small sections and kept overnight in the same fixative. The sections were then immersed in 1% osmium tetroxide for 2 h, dehydrated in graded ethanol, and embedded in epoxy resin. The samples were then cut into ultrathin sections (60-70 nm) with an ultramicrotome, poststained with uranyl acetate and lead citrate, and then examined with a transmission electron microscope.
Immunohistochemical staining
For immunohistochemical studies, formalin-fixed paraffin-embedded tissue sections from adult naked mole rats and adult C57/BL6 mice were dewaxed in xylene and dehydrated. Endogenous peroxidase was blocked by incubating the samples for 10 min in 3% H 2 O 2 at 37 °C, heating for 30 min at 95 °C to repair the antigens, and finally rinsing in PBS. The sections were incubated overnight at 4 °C with the primary antibody, and then with a biotinylated secondary antibody. The primary antibodies used were anti-beclin 1 (1:500; Abcam, Cambridge, UK) and anti-LC3 (1:1000; Cell Signaling Technology, Shanghai, China). The samples were then incubated with peroxidase-conjugated streptavidin for 15 min. Diaminobenzidine tetrahydrochloride (DAB) was used as the substrate to detect antigen-antibody binding. The sections were counterstained with hematoxylin and observed under a light microscope (Olympus IX71).
RNA isolation and RT-PCR to assess gene expression
Beclin 1 and GAPDH mRNA levels in the livers, lungs, and kidneys from one-day-old naked mole rats and one-day-old C57BL/6 mice were quantified by RT-PCR. Total RNA was extracted with TRIzol Reagent (Life Technologies, Inc.), according to the manufacturer's instructions, quantified, and its purity assessed with A 260 /A 280 absorption. First-strand cDNA was generated from total RNA (2 µg) with the TIANScript cDNA First-Strand Kit (Tiangen, Beijing, China). The transcript expression levels were quantified with the StepOnePlus Real Time PCR Detection Systems (Applied Biosystems, Warrington, UK) using the SYBR® Green Master Mix (Applied Biosystems). Beclin 1 transcript levels were then normalized to the expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcripts. The rat primer sequences were as follows: for naked mole rat beclin 1, 5′-GTTCAAAGAGGAGGTGGAGAAG-3′ and 5′-GAGGAAACCCAGGCAAGAC-3′; for naked mole rat GAPDH, 5′-CGCCTGCTTCACCACCTT-3′ and 5′-CCTGCCGCCTGGAGAAA-3′; for mouse beclin 1, 5′-ATGGAGGGGTCTAAGGCGTC-3′ and 5′-TGGGCTGTGGTAAGTAATGGA-3′; for mouse GAPDH, 5′-CATGGCCTTCCGTGTTCCTA-3′ and 5′-GCGGCACGTCAGATCCA-3′.
To allow the comparison of mRNA expression, the real-time PCR data were analyzed with the ∆∆Ct method and normalized to the amount of GAPDH cDNA, the endogenous control.
Cell culture and reagents
Hepatic stellate cells from primary naked mole rats were isolated using methods similar to those reported previously [13] . All primary hepatic stellate cells were maintained at 37 °C in Dulbecco's modified Eagle's low-glucose medium (Gibco, Invitrogen) supplemented with 10% fetal bovine serum (Gibco), 100 units/mL penicillin, and 100 mg/mL streptomycin in a humidified incubator under 92% N 2 , 5% CO 2 , and 3% O 2 . DMSO and 3-MA were purchased from Sigma Aldrich. Rapamycin was purchased from Sangon Biotech Co., Ltd (Shanghai, China). All cell lines were used at an early passage (< 9-12 population doublings).
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Cell Counting Kit-8 The viable cell mass was measured in a Cell Counting Kit-8 (Dojindo, Japan). First, the hepatic stellate cells were seeded at 5 × 10 3 cell/well in a 96-well flat-bottomed plate, and incubated for up to five days after the addition of rapamycin (1, 20, 50, or 100 nM) or 3-MA (5, 10, or 20 mM). The cells were counted at 24, 72, 144, and 192 h after treatment. Four replicates were assessed for each treatment. As soon as the treatment was complete, 10 mL of the Cell Counting Kit-8 solution was added to each well. The plates were incubated for 2 h in a humidified CO 2 incubator at 37 °C. Finally, the absorbance of the samples taken from each well were measured on a microplate reader (Synergy HT, Bio-Tek) at 450 nm. The results were plotted as the percentage of surviving cells in each treatment group relative to those in the untreated group. Sample data are presented as the average of at least three separate experiments.
MDC and DAPI labeling
The hepatic stellate cells were cultured until day 4, and exposed to 50 nM rapamycin or 20 mM 3-MA for 24 h, 48 h, or 96 h. At the end of the treatments, the cells were stained with monodansylcadaverine (MDC; Sigma, Oakville, CA) and immediately analyzed with fluorescence microscopy. Images were taken with a 380 nm excitation filter and a 525 nm emission filter. The hepatic stellate cells were fixed in 96-well plates by incubating the cells with 4% paraformaldehyde for 10 min at 37 °C, after which they were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 30 min and observed under a fluorescence microscope (Olympus IX71).
Cell apoptosis assay
To induce autophagy, the cells were treated with or without rapamycin. 3-MA was used in the experiments to block autophagy. The hepatic stellate cells (2 × 10 5 cell/well) were cultured in sixwell plates to 70%-80% confluence, and treated with 50 nM rapamycin or 20 mM 3-MA for 24 h under hypoxic (3% O 2 ) conditions. An annexin V-fluorescein isothiocyanate (FITC) assay was used to measure the apoptotic cells by flow cytometry, according to the manufacturer's instructions (Nanjing Keygen Biotech). Briefly, the cells were collected by trypsinization, washed twice with ice-cold PBS, and resuspended in 300 µL of 1 × binding buffer, containing 5 µL of annexin V and 5 µL of propidium iodide (PI), for 30 min at room temperature in the dark. After incubation, at least 10,000 cells were measured on a BD FACSAria flow cytometer (Becton Dickinson). The results were expressed as the percentage of early apoptotic cells (PI-negative and annexin-V-positive cells). Apoptosis was detected based on the nuclear morphology of the cells stained with DAPI, and the cells with condensed and fragmented nuclei were identified as apoptotic.
Western blot analysis
The hepatic stellate cells were seeded in six-well plates at a density of 5 × 10 5 cell/well and treated with 50 nM rapamycin or 20 mM 3-MA for 12 h or 24 h. At the end of the designated treatments, the naked mole rat hepatic stellate cells were lysed in RIPA lysis buffer with 1 mM phenylmethanesulfonyl fluoride. Equal amounts of protein were separated electrophoretically with SDS-PAGE and transferred to nitrocellulose membrane. The proteins were analyzed as previously described.
Statistical analysis SPSS version 12.0 was used for all statistical analyses. All the data and results were confirmed in at least three independent experiments, unless otherwise stated. The statistical significance of the differences between means was assessed with the least significant difference (LSD) t test. P values of < 0.05 were considered statistically significant.
Results
One-day-old naked mole rats displayed higher levels of autophagy than one-day-old C57BL/6 mice We evaluated the autophagy in mice and naked mole rats by measuring the LC3-II and beclin 1 levels in tissue lysates obtained from these animals. The results showed that tissues from one-day-old naked mole rats had accumulated more LC3-II than the tissues from oneday-old C57BL/6 mice (Fig. 1A) . Electron microscopic analysis also demonstrated that a higher number of double-membraned autophagosomes were present in one-day-old naked mole rat organs than in one-day-old C57BL/6 mouse organs (liver, lung, kidney, and skin; Fig. 1E ). Tissue specimens from adult naked mole rats also had significantly higher levels of LC3-II than adult C57BL/6 mouse tissues (Fig. 1C) . Although the quantity of LC3-I was too low to be seen in Fig. 1C , it was detected exclusively by increasing the sample volume (data not shown). Tissue specimens were stained for LC3 immunoreactivity, as described in the Methods. LC3 immunoreactivity was significantly stronger in the adult naked mole rats than in the adult C57BL/6 mice (Fig. 2B) . Autophagy is characterized by the formation of autophagosomes and autolysosomes. Taken together, these data suggest that the naked mole rats maintain higher levels of autophagy than mice under basal conditions, before it can negatively affects organ functionality. 
Beclin 1 expression was lower in naked mole rat tissues than in tissues from C57BL/6 mice
The beclin 1 expression in one-day-old naked mole rat tissues (liver, lung, kidney, and brain) was even lower than in one-day-old mouse tissues (Fig. 1A) . To confirm these findings, beclin 1 mRNA levels were determined with real-time PCR. The mean transcript levels of beclin 1 were markedly lower in one-day-old naked mole rat tissues than in one-day-old C57BL/6 mouse tissues (Fig. 1B) . Similarly, beclin 1 protein levels were lower in adult naked Cellular Physiology and Biochemistry mole rat tissues than in adult C57BL/6 mouse tissues (Fig. 1C) . The beclin 1 expression in the naked mole rat and C57BL/6 mouse tissues showed high cytoplasmic and low nuclear patterns ( Fig. 2A) .
Autophagy in different organs
We measured the levels of autophagy in different organs (liver, lung, kidney, and brain). LC3-II levels were higher in the brains of one-day-old naked mole rats than in their other organs (Fig. 1A) . Thus, the level of autophagy was higher in the brain than in the liver, lung, or kidney. Figure 1D illustrates the effects of rapamycin treatment on the expression levels of LC3-II in hepatic stellate cells. Treatment with rapamycin for 12 h or 24 h led to the accumulation of LC3-II (Fig. 1D) . MDC is an autofluorescent compound that has been proposed for use as a tracer of autophagic vacuoles. We studied the incorporation of MDC into hepatic stellate cells using fluorescence microscopy. As shown in Figure 4 , hepatic stellate 5 . Detection of apoptosis with DAPI staining. Fluorescence microscopy was used to observe the cell morphology following DAPI staining (all panels, ×200 magnification). Zhao (Fig. 6A, 6C) . A similar trend was observed in the number of annexin-Vpositive and PI-negative cells, indicative of early apoptotic cells (Fig. 6A, 6B ). The apoptotic ratio in the 3-MA-treated cells was significantly higher than that in the control group. Cell counts revealed that 3-MA also produced dose-dependent cell growth inhibition (Fig. 3B ).
Rapamycin treatment induced apoptosis in naked mole rat hepatic stellate cells and increased the expression of autophagy markers
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Discussion
Autophagy is the cellular process that mediates the lysosomal degradation of longlived cytoplasmic proteins, initiated under conditions of cell differentiation, starvation, or stress, including oxidative stress, endoplasmic reticulum stress, and the accumulation of protein aggregates [14] [15] [16] [17] . Autophagy is probably also a survival response to unfavorable conditions, such as the depletion of growth factors, hypoxia, endoplasmic reticulum stress, microbial infection, and diseases characterized by the accumulation of protein aggregates [18] . The amino acids produced during autophagy can be used to synthesize proteins that are important for the organism's adaptation to nutrient-deficient environments [14] . Wang et al. [19] found that fibroblasts from long-lived mutant mice displayed increased autophagy and lower TOR activity after nutrient deprivation or oxidative stress. Studies of senescent avian and mammalian fibroblasts have shown that cells from long-lived birds maintain autophagosomal and lysosomal enzymes better than mammalian cell lines, in which these activities are downregulated with age [20, 21] . These findings indicate that autophagy helps to maintain cellular homeostasis and cell survival [22] , and plays a significant role in the determination of lifespan in the naked mole rat. The naked mole rat is not an inbred strain, but breeding occurs between related individuals. C57BL/6 mice are a standard inbred strain, and have low susceptibility to tumors [23, 24] . Therefore, the inbred C57BL/6 mouse strain was used in this comparative study.
Once autophagy is initiated, cytoplasmic material becomes enclosed in a doublemembrane structure, which subsequently fuses with a lysosome, leading to the degradation of damaged or unwanted cell components. Here, we showed that higher levels of LC3-II accumulated in the organs of one-day-old naked mole rats than in the organs of short-lived mice. However, LC3 expression did not differ significantly between the adult naked mole rats (eight months old) and the adult C57BL/6 mice (eight weeks old). Therefore, both the adult naked mole rat and adult C57BL/6 mouse have high basal levels of autophagy. These results indicate that the naked mole rat maintains high levels of autophagy under basal conditions in adulthood and childhood. Rodriguez et al. [25] showed that macroautophagy is substantially higher in naked mole rat fibroblasts maintained under serum starvation than in fibroblasts from shorter-lived mice. Similarly, when autophagy was assessed by monitoring a marker of vacuole development (i.e., the conversion of LC3-I to LC3-II), the LC3-II/LC3-I ratio induced by serum deprivation was approximately two-fold higher in the naked mole rat cells [26] . These data suggest that nutrient deprivation plays an important role in the maintenance of protein quality in naked mole rats. However, we found that the expression of beclin 1 in their normal tissues (liver, lung, kidney, and brain) was even lower than that in the tissues of short-lived mice (Fig. 1A and 1B) . Beclin 1 expression in the livers, lungs, and kidneys of C57BL/6 mice was normal, similar to that reported in other studies. This indicates that the LC3-II level usually correlates well with the number of autophagosomes, and can be used to monitor autophagosome formation. Although beclin 1 plays a critical role in the regulation of autophagosome formation, it is also involved in the formation of preautophagosomal structures. The amount of beclin 1 did not correlate well with the number of autophagosomes.
3-Methyladenine (3-MA) has been known to selectively and potently inhibit autophagydependent protein degradation and to suppress the formation of autophagosomes [27, 28] . To our surprise, 3-MA promoted autophagy when naked mole rat hepatic stellate cells were treated with it for a prolonged period. A similar result has already been reported by Wu et al. [29] . They showed that prolonged treatment with 3-MA (up to 9 h) in complete medium induced autophagy in mouse embryonic fibroblasts, L929 mouse fibrosarcoma cells, and [29] . These results demonstrate that 3-MA plays a dual role in the modulation of autophagy, promoting autophagy or suppressing it. Rapamycin is a powerful mTOR inhibitor and strong inducer of autophagy. The activation of autophagy may lead either to cell differentiation or to cell death [21, [30] [31] [32] [33] . Autophagy is clearly implicated in cell differentiation and cell death because low doses of rapamycin activate autophagy [34] . At a concentration of 50 nM, rapamycin inhibited the growth of naked mole rat hepatic stellate cells. 3-MA-induced autophagy can facilitate selenite-induced apoptosis in hepatic stellate cells. We investigated the effects of these compounds on the apoptosis of hepatic stellate cells. Our flow cytometry results are consistent with this finding. When hepatic stellate cells were treated with 3-MA, the apoptotic ratio was significantly increased relative to that of the control group. Considering these data together, naked mole rat hepatic stellate cells have the appropriate levels of autophagic flux to promote cellular homeostasis, stress responsiveness, and cell survival. Excessive autophagy, such as that induced by rapamycin or 3-MA, is maladaptive and may possibly trigger cell death.
The genetic screening of yeast (in macroautophagy research) and novel biochemical approaches (in chaperone-mediated autophagy research) have helped to identify a subset of genes and protein products that act as effectors or modulators of these autophagic pathways. Manipulation in these genes has confirmed the tight association between autophagy, lifespan, and aging [35] . Functional autophagy has also been shown to be necessary to attain the maximal lifespan extension, mediated by the deletion of other genes, such as those encoding mTOR [5] or tumor suppressor p53 [36] , which curiously represses macroautophagy in mammals [37] . Liu confirmed that beclin 1 controls p53 levels by regulating the deubiquitination activity of USP10 and USP13 [38] . Our unpublished data revealed that p53 expression in normal naked mole rat tissues (liver, lung, kidney, and brain) is even lower than that in the tissues of short-lived mice (Lin, unpublished data). Furthermore, beclin 1 expression is very low in normal naked mole rat tissues. The mechanism of beclin 1 activity as a tumor suppressor remains to be clarified, and further studies are required to explore this mechanism in detail.
In conclusion, our results indicate that the rate of autophagy is higher in young naked mole rats than in young shorter-lived mice, and different levels of autophagy occur in different organs. Our study also shows that treatment with 3-MA or rapamycin increases the ratio of apoptotic cells to normal hepatic stellate cells. In the next study, we will investigate whether autophagy facilitates the survival of naked mole rat hepatic stellate cells.
